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Abstract. Liquefaction mitigation can be achieved by dissipating seismic pore 
pressures. The research reported in this paper elaborates the effectiveness in 
dissipating seismic pore pressures of a gravel bed and relief well system using 
gravel columns in a case study in Cilacap, Indonesia. Seismic pore pressure 
generation was analyzed using commonly available methods in liquefaction 
analysis. The evaluated pore pressures in the sand layer and gravel columns were 
used in a 2D dissipation analysis using finite-difference consolidation equation 
solutions. The results of this study showed that a simple and cost-effective relief 
well and gravel bed or strip system can effectively dissipate excess pore 
pressures in the sand layer and gravel columns to a maximum residual pore 
pressure below 40%, thus reducing liquefaction potential as well as protecting 
the foundations in the sand.  
Keywords: gravel bed; gravel columns; liquefaction; pore pressure dissipation; pore 
pressure generation; relief wells; residual pore pressure; stone column. 
1 Introduction 
The use of gravel columns for seismic liquefaction mitigation was first 
developed not long after the devastating 1964 earthquakes in Alaska and 
Niigata. Soil reinforcement using gravel columns, also known as stone columns, 
was initially utilized to increase sand formation density and to facilitate 
dissipation of seismically induced excess pore water pressure. The inclusion of 
gravel columns using displacement methods reduces the liquefaction potential, 
as it will induce a higher density and confines pressures in the sand. 
Furthermore, the higher stiffness of the gravel inclusion also reduces the seismic 
cyclic shear stress in the sand layer. Along with the fast pore-water pressure 
dissipation in the gravel column due to its high permeability, the three 
combined effects of the gravel column effectively reduce the liquefaction 
potential. Comprehensive reports of seismic performance of sites with gravel 
columns have been presented by Mitchell and Huber [1], Dobson [2], Mitchell 
and Wentz [3], Hayden and Baez [4], Hausler and Koelling [5], and more 
recently by Young, Gibson and Newby [6], as well as Mahoney and Kopec [7].  
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Typically, the gravel column system for liquefaction mitigation consists of 
vertical gravel columns, a horizontal gravel bed or strip, and some vertical relief 
wells to the ground surface. As shown in Figure 1, the gravel-column top ends 
at the structure’s base slab or pile caps, usually located several meters below the 
ground surface. To enable seismic excess pore pressure dissipation through the 
gravel columns, a gravel bed or strip is provided to convey dissipation in the 
horizontal direction from the top of the columns to points of release to the 
atmosphere. Vertical pressure relief wells are needed to allow dissipation from 
the gravel bed or strip to atmospheric pressure at the ground surface. The gravel 
columns’ diameter, spacing and depth are designed to limit the increase of 
excess seismic pore pressure in the surrounding sand layers. The gravel bed and 
relief wells must have a higher pore pressure dissipation rate during 
earthquakes, such that undesirable pore pressure build-up in the sand and gravel 
columns is prevented. 
 
Figure 1 Typical gravel column–bed system. 
In this paper, estimation of seismic excess pore pressure generation within sand 
based on widely accepted procedures is briefly described. The initial pore 
pressure in the gravel columns was conservatively assumed to be equal to what 
is generated in the sand. Furthermore, using a simplified two-dimensional (2D) 
model, the rate of pore pressure dissipation from the gravel columns in the 
gravel bed through the relief wells was evaluated. The pore pressure dissipation 
at the sand layer and gravel bed interface was conservatively ignored in the 2D 
model. The permeability of the vertical relief wells was assumed to be equal to 
that of the gravel bed, as in practice this can easily be achieved by selecting 
coarser aggregates for the relief wells.  
A case study was conducted at a construction site at the Cilacap Refinery. The 
research was focused on the performance of a gravel bed and relief well system 
as part of an integral gravel column, gravel bed and relief well system for 
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liquefaction mitigation. Elaboration of the gravel column configuration, i.e. 
diameter and spacing based on the properties of the sand, is not included in this 
paper. Instead, the generated pore pressures due to cyclic shear stress in the 
sand layer, based on the seismic input motions, were applied as the generated 
pore pressures at the gravel column points within the gravel bed.  
Details of the research are presented in two major parts. The first one is a 
detailed evaluation of the pore pressures generated in the sand layer and gravel 
columns during relevant input seismic events for the selected foundation at the 
Cilacap project, considering the in-situ sand parameters. The second part deals 
with the dissipation of the generated pore pressures by the prevailing 
configuration of gravel bed and relief wells simultaneously with pore pressure 
generation in the sand layer and gravel columns. A dissipation study as reported 
in Section 3, has not been conducted previously, particularly concerning a 
gravel bed and relief well system. This salient feature of the research 
contributes a quantitative scientific approach to the engineering aspects of the 
gravel column system for liquefaction mitigation. 
2 Seismic Pore Pressure Generation 
At the Cilacap project site, the generated seismic excess pore pressure within 
the sand layer with gravel columns was evaluated using the following 
procedure. Selected input accelerograms from a seismic hazard study were used 
to obtain a history of the cyclic shear stress ratio, τc/σv’. Effects of sand layer 
densification and gravel column effects in the reduction of cyclic shear stress 
ratio were included, but these effects may or may not be significant, as reported 
by Toha [8]. Reduction due to gravel column bending and shear stiffness, as 
suggested by Baez and Martin [9] and by Goughnour and Pestana [10] were 
considered. Analysis and field experimental data by Toha [8] indicate that 
cyclic shear stresses reduction in the sand layer eached 27% to 44%. 
Considering the controversy on this reduction, see for example Rayamajhi et al. 
[11], the minimum amount of reduction was applied in this research. 
The τc/σv’ history was divided into finite pore pressure generation time steps, 
∆ts, where each time step contains at least one peak. For each peak, the 
corresponding τc/σv’ was used to assess the number of cycles to liquefaction in 
the sand, Nl, following De Alba, Seed and Chan [12] for the Cilacap sand 
relative density, Dr, of 50%, and with membrane penetration effects included. 
Within each ∆ts, the sum of (0.5/Nl) values for each peak and cyclic shear stress 
ratio was added to the residual Σ(N/Nl) at the end of the previous dissipation 
process. Then, the updated Σ(N/Nl) was used to assess the generated excess pore 
pressure, ∆u, by De Alba, Chan and Seed [13], Seed, Martin and Lysmer [14], 
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as well as Seed and Booker [15]. The ∆u was assumed to increase linearly for 
each sub time step within ∆ts. In the 2D model used, it was assumed 
conservatively that the excess pore pressure developed within the sand layer and 
the gravel column was equal and uniform throughout the vertical cross sections. 
Dissipation of pore pressures within ∆ts was done using a finite-difference 
method, with pore pressure dissipation time steps, ∆t, as sub time steps. 
A site-specific seismic study was conducted for the case-study site in 2012 by 
Sengara [16]. From the results of the de-aggregation analysis, the recommended 
input accelerations (7 sets, i.e. 212V5090, TCU120-N, TCU089-V, ABY090, 
FER-T1, CUC090, and A-SON-UP) were scaled to a PGA of 0.275 g. An 
earthquake significant duration, D5-95 (around 48 seconds), was adopted based 
on Abrahamson and Silva [17], for earthquake magnitude M = 8.03, and site to 
source distance r = 96.82 km. The site-specific seismic study by Sengara [16] 
does not provide recommended input accelerations for D5-95. In this research, 
the duration of the earthquake was adjusted by linearly proportioning the time 
scale to the D5-95 ratios. The τc/σv’ history was then obtained from Eq. (1): 
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where a is the acceleration, g is the gravitational acceleration, σv/σv’ is the total 
to effective vertical stress ratio, and rd is the stress reduction factor according to 
Seed and Idriss [18]. In this case study, rd was set to 0.96. 
All seven calculated τc/σv’ histories in the Cilacap case study [19], shown in 
Figure 2, were used to obtain the ∆u in the sand layer at the start of each ∆ts for 
the first quadrant of the gravel-bed area of the RX-RG Reactor Tower structure 
shown in Figure 3. During the design stage of the case study early in 2012, a 
500-year return period was adopted to obtain a PGA value of 0.275 g. A 
maximum τc/σv’ value of 0.379 was used. After the design of the Cilacap case 
study was completed, an update of SNI 1726 was issued in mid-2012 [20] in 
which the liquefaction analysis requirement was increased to an MCEG with a 
2500-year return period. This new requirement would result in an increase of 
the maximum τc/σv’ value to 0.461. There was no additional site-specific 
seismic analysis for a 2500-year return period for the Cilacap project, so the 
analysis of pore pressure generation and dissipation for this earthquake was 
done using the above 7 sets of input motions by scaling only the maximum 
accelerations.   
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Figure 2 Cyclic shear stress ratio, τc/σv’ history. 
62 Franciscus Xaverius Toha 
  
 
Figure 3 RX-RG Tower gravel column layout in Cilacap [18]. 
After assessing the generated pore pressures, the dissipation was processed as 
described in Section 3 of this paper for every point on the grid. The generated 
and residual pore pressures at the center of the gravel bed, Point O, are used 
here as the most critical pore pressures during the process. 
After evaluating ∆u, within ∆ts, ∆u was subdivided into equal stages of 
generated excess pore pressures, uo, as follows: 
 u
t
t
u
s
o ∆∆
∆
=       (2)        
where ∆t is the dissipation time step, which should be small enough to ensure 
numerical stability in the computations. Among the seven τc/σv’ histories, 
CUC090 represents the most critical history in terms of pore pressure 
generation. The calculated uo at Point O during the CUC090 event is shown in 
Figure 4 for the entire seismic event and detailed for a selected period, where 
∆ts = 0.049 seconds and ∆t, = 0.0014 seconds. 
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Figure 4 Generated excess pore pressure, uo, during CUC090 history. 
Although it seems that uo values shown in Figure 4 are relatively small 
compared to the total stress, σv, the value of uo multiplied by Δts /Δt will result in 
a high generated pore pressure within Δts. Without dissipation, Σ uo 
accumulation would far exceed σv, as can be seen from Figure 5. In fact, since 
there are some τc/σv’ values above 0.3, which will result in 2Nl < 1.0 according 
to de Alba, et al. [12], the absence of the gravel column-bed and relief well 
system would have induced a liquefied condition.  
 
Figure 5 Accumulation of uo during CUC090 history. 
However, since ∆t was smaller than the half period of the larger peaks, each uo 
increase (as part of ∆u) during ∆t was partially or entirely dissipated at the same 
time by the gravel column and bed as well as the relief well system, as shown in 
detail in Figure 6 for the CUC090 event at the 26-27 seconds time slot, where 
the darker lines represent u and the lighter lines represent the residual pore 
pressure, ures, after dissipation.  
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Figure 6 Details of pore pressure generation and dissipation during Δt. 
The higher the dissipation rate of the system, the smaller ure at the end of ∆t, 
hence at the next ∆t, the initial excess pore water pressure will also be smaller 
than σv. The details of the dissipation analysis are described in Section 3 of this 
paper. 
3 Pore Pressure Dissipation 
Dissipation of seismic excess pore pressure in sand layers by gravel columns is 
most commonly evaluated using the Seed and Booker method [15] for a given 
configuration of gravel column diameter, length and spacing. The gravel 
column material is generally assumed to be a free-draining material with 
relatively high permeability values compared to that of sand. Analysis of pore 
pressure distribution within the sand layer with gravel column inclusions was 
not done in this research. Instead, a conservative average pore pressure in the 
sand layer, with the same value as the evaluated generated pore pressure as 
described in Section 2, was assumed to prevail within the sand layer and the 
vertical gravel columns. Furthermore, the pore pressure in the gravel column 
was assumed to be constant with depth. As the gravel column must dissipate the 
pore pressures, it is necessary that the gravel column and its downstream 
dissipation system, i.e. the gravel bed and relief wells, must dissipate the pore 
pressures faster than the build-up rate.   
In practice, the required gravel column configuration, as well as the necessary 
gravel bed thickness and spread, rarely interfere with the foundation and other 
structures. The vertical dissipation structures, i.e. the relief wells at the top of 
the gravel column–bed system, however, may coincide with the foundation 
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elements and other underground facilities, as the foundation slab often covers a 
large area, such that the dissipation must be done by placing the relief wells at a 
significant distance from the excess pore pressure points. Opening the base slab 
for the pore pressure relief wells is usually unacceptable, due to its effect on the 
base slab’s structural integrity and possible ground contamination from 
undesired water leaks above to slab.  
A typical detail of a pore pressure relief well for a gravel column–gravel bed 
system, is shown in Figure 7. The pore pressure relief well is provided primarily 
to dissipate the pressure in the pore water within the gravel bed and gravel 
column, such that the pore pressure build-up in the sand layer can be controlled. 
The relief well does not require a large flow discharge capacity, as water flow 
can be allowed to occur after an earthquake. Based on field application of relief 
wells during various projects, it is best to use compacted gravel or crushed rock 
aggregates. The gravel material should be coarser than the gravel-bed material, 
such that the pressure gradient herein is negligible. The top 300 mm can be 
removed and cleaned periodically to ensure that the well is always exposed to 
atmospheric pressure. 
 
Figure 7 Typical cross section of relief well. 
An optional feature is to provide a backflow permeable PVC pipe to pump 
water into the well in order to open the voids that may be clogged by finer 
material migration through the filter due to water flowing into the well. If the 
relief-well top is situated at the highest site elevation, water from and into the 
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well clogging the aggregate voids will be very rare. Preliminary trial pumping 
from inside the well showed that there was no significant clogging in the gravel 
of the relief well after several minutes of repeated cycles of intermittent 
pumping.  
The 2D consolidation governing equation used for pore pressure dissipation 
analysis in the gravel bed and relief well system shown in Figures 3 and 7, is as 
follows: 
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where u is the excess pore pressure, cv is the 2D coefficient of consolidation, x, 
y and t are the spatial coordinates and time variable, respectively. In an explicit 
finite difference scheme with equal grid spacing in the x and y directions, Eq. 
(3) can be written as: 
  (4) 
with  ∆T = cv ∆t/∆x2 = cv ∆t/∆y2, where ∆t are the pore pressure dissipation time 
steps, while ∆x and ∆y are the grid spacings in the x and y directions, 
respectively. For the Cilacap [19] case study, cv was 5 m
2
/sec, ∆x and ∆y were 
1 m. In Figure 3, the gravel column diameter and spacings are 1 m and 3.5 m, 
respectively. 
 
Figure 8 Initial and residual pore pressures for each ∆t. 
At the relief-well pressure points, u = 0 was assumed at all t values. At the 
beginning of ∆t, uo from Eq.(2) was added to the residual pore water pressures 
from the previous ∆t at the gravel column points only. Subsequently, uo was 
dissipated accordingly using finite-difference Eq. (4).  ∆T = 0.007 was adopted 
( ) ( )tjitjitjitjitjitji uuuuTTuu ,1,,,1,1,,,1,,1,, 41 −−+++ +++∆+∆−=
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in the computations. The pore pressures at Point O from the analysis are shown 
for the CUC090 input history in Figure 8, where the darker lines are the initial 
pore pressures, u, at the beginning of each ∆t, and the lighter lines are the 
residual pore pressures, ures, after dissipation at the end of the ∆t.  The results 
show that the pore pressures were relatively low compared to the total vertical 
stress, σv, meaning that the gravel bed and relief well system kept the pore 
pressures to well below liquefaction condition. 
In order to obtain better insight into the gravel bed and relief well system’s 
effectiveness during the CUC090 event, selected values of the ratio of the 
generated pore pressure, uo, to the dissipated pore pressure, udis, throughout the 
event, were plotted in Figure 9. The uo values were determined using the theory 
and method as described in Section 2. The dissipated pore pressure, udis, i.e. the 
difference between the pore pressure at the beginning of each ∆t and the pore 
pressure after dissipation at the end of ∆t, was assessed using the finite-
difference method according to Eq. (4) in this section.  
 
Figure 9 Ratio between dissipated pore pressure, udis, and generated pore 
pressure, uo. 
The udis/u0 values were mostly around 1.0, as indicated by the intense 
overlapping of data points, both during the entire seismic event, as well as 
during the sampled high τ/σv’ peaks between 20 to 22 seconds. This means that 
throughout the entire event, as well as during high τ/σv’ occurrence, the gravel 
bed and relief well system managed to dissipate the generated pore pressures 
effectively. 
Presumably, at higher values of uo, as the dissipation capacity of the gravel bed 
and relief well system remains the same, the udis/uo ratio is expected to become 
smaller. Figure 10 also demonstrates that for most of the generated pore 
pressures, uo, dissipation occurred instantaneously in the gravel bed and relief 
well system, as the udis/uo ratio values were also mostly around 1. The udis/uo > 
1.0 values at uo < 2 kPa demonstrate that the gravel bed and relief well system 
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often dissipated the residual pore pressure from the previous dissipation time 
step as well, especially when the subsequent generated pore water pressure, uo, 
was small. Figure 10 shows that the average dissipation of the RX-RG Tower 
configuration was about 86% with a scatter of 30%, meaning that maximum ures 
was only about 14% of the generated pore pressure. A slight reduction trend of 
udis/uo occurred when the generated pore pressure increased. 
 
Figure 10 Ratio between dissipated pore pressure, udis, and generated pore 
pressure, uo, for related uo. 
 
Figure 11 Dissipated, udis, to generated, uo, pore pressure ratio for various 
τc/σv’ histories. 
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The six other τc/σv’ from different seismic input motions, as shown in Figure 2, 
also produced similar pore pressure dissipation, as shown in Figure 11, in which 
the same theoretical background and analysis as described in Section 2 were 
used to develop uo. Eq.(4) was also used for the dissipation analysis to obtain 
udis. Although the selected histories developed from de-aggregation analysis in 
the site-specific study were intended to provide a varying seismic response, it 
appears that due to the large dissipation capacity of the gravel bed and relief 
wells, ures remains essentially uniform, even though the input motions were 
distinctly different. The average dissipation was also 86% ± 30%. 
The results from the Cilacap [19] case study show that the provided gravel bed 
and relief well system had a dissipation rate more than what is required by the 
the generated pore pressure. In this research, a more severe condition was 
analyzed while the engineering works for the case study were being performed, 
where the seismic design criteria were adjusted from the prevalent seismic code 
in early 2012 to the present SNI 1726 03 2012 seismic code requirement [20]. 
Because of the increase of the return period from 500 years to 2500 years, the 
PBA = 0.275 g was increased to MCEG = 0.461 g. The same 7 earthquake input 
motions, scaled maximum acceleration and unscaled duration were used in the 
analysis. The use of an unscaled earthquake duration with an increased 
acceleration will increase the likelihood of liquefaction if the larger earthquakes 
have slower pore pressure generation rates. Data for larger earthquakes were not 
available at the time of conducting this research. Furthermore, a deliberately 
more severe relief well configuration was imposed by reducing the number of 
relief wells in Figure 3 to only two Point A relief wells at the most distant 
corner from the center of the gravel bed, Point O, such that it was expected that 
the pore pressure dissipation process would become much less favorable. The 
gravel material parameters were adjusted in the analysis by reducing the 
permeability to the minimum typical value, so that the coefficient of 
consolidation during dissipation, cv, was reduced to only about 0.8 m
2
/second. 
Table 1 summarizes the comparison between the design soil parameters for the 
Cilacap project and the least favorable parameters in the additional analysis.  
Table 1 Parameters in Cilacap case study and least favorable case. 
Parameters Cilacap Case Study Least Favorable Case 
Earthquake return period 500 yrs. 2500 yrs. 
PGA/MCEG 0.275 g 0.461 g 
Earthquake duration 48 sec. 48 sec. 
Permeability, k 0.00235 m/sec 0.00046 m/sec. 
Young's Modulus, E 30 MPa 30 MPa 
Poisson's Ratio, ν 0.2 0.1 
cv 5 m
2/sec 0.8 m2/sec. 
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Using the same model as described in Section 2, the generated pore pressures 
were processed, and subsequently, using the dissipation analysis from Section 3, 
the results of the dissipation analysis for all seven τc/σv’ histories were imposed 
on the least favorable gravel bed and relief well configuration, as shown in 
Figure 12. In the least favorable case analysis, only the input motions were 
adjusted by scaling the peak accelerations. The selected input motions and 
duration of the earthquake were not adjusted, as there were no 2500-year site 
specific seismic hazard studies available at the time the Cilacap design was 
made. 
 
Figure 12 Pore pressure ratio under least favorable conditions. 
The magnitude of generated pore pressures, uo, were similar as in the Cilacap 
case study, however, since there were higher peaks of τc/σv’ and the dissipation 
rate was reduced substantially, the udis values, approximately 63%, were 
relatively lower, hence resulting in a maximum residual value ures of 37% of the 
generated pore pressure. 
In the Cilacap case study, the gravel columns were designed to limit the pore 
pressure build-up within the sand layer to less than 40% of the total stress, such 
that the reduction in the axial and lateral pile capacities, footing bearing 
capacities, and seismic deformations were still within reasonably good 
performance limits. This practice followed the full-scale field test results by 
Ashford, et al. [21], where the blast-induced pore pressure ratios remained 
below 40% and the lateral stiffness of the piles in the treated sand increased 2.5 
to 3.5 times that of the system in liquefied soil. With a maximum residual pore 
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pressure ratio of 37%, the general performance of the gravel column–bed and 
relief well system under least favorable conditions was still within acceptable 
boundaries. Therefore, it can be concluded that the system can be applied 
without necessarily imposing rather restrictive material requirements and 
difficult construction methods. Even a low permeability and minimum 
compaction efforts of the gravel would provide sufficient dissipation of the 
seismic pore pressures from maximum earthquakes (MCEG) and a limited 
quantity of relief wells. In practice, the application of a gravel column–bed and 
relief well system can easily be configured economically by setting a limit on 
the residual pore pressures, and hence establishing the gravel column diameter 
and spacing, the gravel bed layout and thickness, as well as the relief well 
configurations. 
4 Conclusions 
This research elaborated the performance of a gravel bed and relief well system 
in conjunction with gravel columns in efforts to mitigate liquefaction potential 
in susceptible sand layers during large seismic events in a project at the Cilacap 
Refinery. The research results indicated that gravel bed and relief wells can 
easily dissipate the generated pore pressures within the sand layer and gravel or 
stone columns. Most of the time, the dissipation rate is faster than the build-up 
rate, such that the controlled pore pressure build-up as established for the gravel 
or stone columns can easily be achieved without impedance to the dissipation 
from the gravel columns to the open atmosphere. The gravel bed and relief 
wells do not require a very high permeability, high compaction efforts or 
numerous relief wells, as the research has shown that lower-bound permeability, 
standard compaction efforts and a limited number of relief wells will dissipate 
the pore pressures within the limits of an acceptable performance level of the 
gravel columns. Practical aspects and details of the gravel bed and relief well 
system based on various field experiences were described in this paper. 
Acknowledgements 
The author thanks PT Adhi Karya (Persero) for the permission to use the data 
from the Cilacap Refinery Project. The continued assistance from Fendy 
Setiawan and Andika Suparto in the later stages of the computer application 
development for the dissipation analysis is greatly appreciated.  
Nomenclature  
 a  =   acceleration 
 cv  =   coefficient of consolidation 
 D5-95  =   earthquake significant duration 
 Dr  =   relative density 
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 g  =   gravitational acceleration 
 M  =   earthquake magnitude 
 MCEG  =   maximum considered earthquake geometric mean 
 N  =   number of cycles 
 Nl  =   number of cycles to liquefaction 
 PGA  =   peak ground acceleration 
 r  =   earthquake distance 
 rd  =   stress reduction factor 
 t  =   time 
 u  =   excess pore water pressure 
 uo  =   generated excess pore water pressure during ∆t 
 udis  =   dissipated excess pore water pressure 
 ures  =   residual excess pore water pressure 
 x  =   spatial coordinate 
 y  =   spatial coordinate 
 T  =   time factor 
 ∆t  =  pore pressure dissipation time step 
 ∆ts  =  pore pressure generation time step 
 ∆u  =  generated excess pore pressure during ∆ts 
 σv  =   vertical total stress 
 σv’  =   vertical effective stress 
 τc  =   cyclic shear stress  
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